Abstract. Although antioxidant status has been implicated in the pathogenesis of malaria, these factors need further characterization. A longitudinal study was conducted involving 273 children 1-10 years of age with acute, uncomplicated malaria in Kampala, Uganda. Plasma vitamin A, carotenoids, and vitamin E were measured at enrollment and on day 7. Malaria parasitemia was measured at enrollment, on day 3, and on day 7. Malaria parasitemia had completely cleared in 57.1% and 85.3% of children by day 3 and day 7, respectively. Plasma vitamin A, ␣-carotene, ␤-carotene, lycopene, lutein/zeaxanthin, and vitamin E were depressed at enrollment and increased by day 7. Multivariate analyses showed that higher plasma lycopene concentrations at enrollment were associated with clearance of parasitemia between enrollment and day 3 (odds ratio ϭ 1.46, 95% confidence interval ϭ 1.07-2.06, per 0.10 mol/L of lycopene). This study suggests that children with acute malaria have depressed plasma concentrations of antioxidants, and that higher plasma lycopene is associated with more rapid clearance of malaria parasitemia.
INTRODUCTION
Malaria is a major cause of morbidity and mortality in developing countries, accounting for an estimated 200 million morbid episodes and two to three million deaths per year worldwide. 1 In children, micronutrient status has been shown to influence resistance to several infectious diseases, including measles and diarrheal and respiratory disease. 2, 3 Recently, a randomized trial demonstrated that periodic vitamin A supplementation could reduce the incidence of febrile episodes and parasitemia due to Plasmodium falciparum in Papua New Guinea. 4 Vitamin A is essential for normal immune function and has been shown to influence both antibody responses and cell-mediated immunity. 5 Strong antioxidants such as dietary carotenoids and vitamin E have been shown to modulate immune function in humans. 6, 7 The role of antioxidants and oxidative stress in the pathogenesis of malaria in humans is unclear. In murine models, pro-oxidants such as fish oil or linseed oil have been shown to protect against experimental cerebral malarial infection, especially in the presence of vitamin E deficiency. 8 It has been argued that vitamin E deficiency might be protective against malaria in mice, 9 but this relationship in humans is not well understood. Alternatively, it has also been hypothesized that antioxidants such as carotenoids or vitamin E would provide protection against the oxidative stress induced by malaria infection. 10 To gain insight into the clinical relationship between P. falciparum malaria and antioxidants, we conducted a longitudinal, hospital-based study among children with acute, uncomplicated falciparum malaria in Kampala, Uganda and examined the association between clearance of malaria parasitemia and vitamin A, E, and the major carotenoids.
SUBJECTS AND METHODS
The study population consisted of a consecutive sample of children 1-10 years of age seen in the acute care unit of Mulago Hospital in Kampala, Uganda, between August and December 1998. The Mulago Hospital serves urban and peri-urban Kampala, an area that is endemic for Plasmodium falciparum malaria. Height was measured using a Shorr child measuring board (Shorr Productions, Olney, MD). Weight was measured using a digital scale. Temperature was recorded using a digital oral thermometer. A fingerprick blood sample was taken to prepare thick and thin blood films to determine the presence or absence of malaria parasites, level of parasitemia, and hemoglobin concentrations using a HemoCue machine (HemoCue Inc, Mission Viejo, CA). 11 Children were eligible for the study if they were between the ages of one and 10 years, were positive for malaria on the basis of a thick smear, had a hemoglobin level Ͼ 50 g/ L, were not admitted for transfusion, and had no evidence of cerebral malaria.
Children with malaria were enrolled in the study after written, informed consent was obtained from the parent or guardian. The entire consent form was read to the parent or guardian in Luganda, the local language, or in English, as appropriate, and participants were given a copy of the consent form after signature or thumbprint was obtained. The study protocol was approved by the Joint Committee for Clinical Investigation of the Johns Hopkins School of Medicine, the Mulago Hospital Ethical Committee, and the Ugandan National Council of Science and Technology. Children were examined by a medical officer, and spleen enlargement was assessed using the Hackett scale. 12 On the day of enrollment, day 3, and day 7, a venous blood sample was collected by venipuncture (Sarstedt Monovette, Newton, NC). Blood samples were shielded from bright light and immediately aliquoted and stored in cryotubes at Ϫ70ЊC. All children were treated with chloroquine sulfate as per guidelines of the Ugandan Ministry of Health. Children with increased parasitemia on day 3 or day 7 were treated with quinine or Fansidar (Hoffman-La Roche, Nutley, NJ).
Plasma retinol, ␣-carotene, ␤-carotene, ␤-cryptoxanthin, lycopene, lutein/zeaxanthin (not separated with this procedure), ␣-tocopherol, and ␥-tocopherol from baseline and day 7 were determined by high-performance liquid chromatography. 13 The internal standards used were tocol (Hoffmann- La Roche) at 320 nm and all-trans-ethyl-␤-apo-8Ј-carotenoate (purified sample courtesy of Dr. Fred Khachik, U.S. Department of Agriculture) at 450 nm. Between-run coefficients of variation for pooled standards were 5.6% for retinol, 5.4% for ␣-carotene, 7.6% for ␤-carotene, 7.3% for ␤-cryptoxanthin, 11.5% for lycopene, 5.0% for lutein/zeaxanthin, 12.6% for ␣-tocopherol, and 8.6% for ␥-tocopherol, respectively. Quality control was assessed by repeated analysis of standard reference material (National Institute of Standards and Technology, Gaithersburg, MD) and pooled reference standards. All samples were run in a masked fashion. Thick and thin Giemsa-stained blood films were analyzed for the number of parasites per 200 white blood cells. Slides were considered negative if no parasites were seen in 100 fields on the thick film. Plasma ␣ 1 -acid glycoprotein (AGP) was measured using radial immunodiffusion (Bindarid, The Binding Site, Birmingham, United Kingdom) with a between assay coefficient of variation (CV) of 10.3%. C-reactive protein (CRP) was measured by enzyme-linked immunosorbent assay (Virgo CRP 150; Hemagen Diagnostics, Waltham, MA) with a between assay CV ϭ 8.6%.
Malaria parasitemia was highly skewed to higher values and was transformed by log10 to normalize the distribution. Vitamins A and E and carotenoid concentrations were normally distributed, and changes in these analytes were analyzed using a paired t-test. A weight-for-age Z score of Ͻ Ϫ2 was considered to be consistent with underweight, and a height-for-age Z score of Ͻ Ϫ2 was considered to be consistent with stunting. The Spearman correlation was used to measure the relationship between vitamins A and E, carotenoids, acute-phase proteins, and parasitemia. Univariate and multivariate logistic regression models were used to examine the relationship between age, anthropometric indices, plasma vitamin A, carotenoids, and vitamin E concentrations and clearance of parasitemia. No parasitemia* Parasitemia* P Age (months) Weight-for-age Z score Weight-for-height Z score Height-for-age Z score Vitamin A (mol/L) 
RESULTS
Two hundred seventy-three children were enrolled in the study. Two hundred twenty-six children returned at day 3 (79.6%), and 196 children returned at day 7 (69.0%). Data on parasitemia, hemoglobin, and spleen grade were not available on all children who returned on day 3 and day 7. Characteristics of the children at baseline, including age, gender, anthropometry, and reported 3-day morbidity history are shown in Table 1 . At enrollment, 15.8% of the children were underweight, 9.0% were wasted, and 26.6% were stunted. The clinical and laboratory findings of these children at baseline, 3 days, and 7 days are shown in Table  2 . By 3 days of follow-up, more than half of the children had cleared their malaria parasitemia. There was a gradual improvement in spleen grade from enrollment to day 7. Mean hemoglobin concentrations were higher at day 7 than at enrollment, and the proportion of children with a hemoglobin level Ͻ 70 g/L was lower at day 7 than at enrollment. At enrollment and at day 7, the proportion of children with plasma vitamin E concentrations Ͻ 11.6 mol/L, a cut-off considered consistent with vitamin E deficiency, 14 was 14.6% and 3.7%, respectively. Geometric mean parasitemia decreased sharply between enrollment and day 3 ( Figure 1 ).
Plasma concentrations of vitamin A, carotenoids, and vitamin E are shown in Table 3 . For retinol, vitamin E, and all the carotenoids except ␤-cryptoxanthin, there were significant increases in concentrations of these analytes from enrollment to day 7. The increase was the largest for concentrations of plasma vitamins A and E. Mean age, anthropometric indices, vitamins A, carotenoids, and vitamin E concentrations in children who did and who did not clear their malaria parasitemia between enrollment and day 3 are shown in Table 4 . These data suggest that children who cleared their parasitemia had significantly higher plasma ␣-carotene and lycopene concentrations than children who did not clear their parasitemia. Children who cleared their parasitemia also had higher ages and higher total plasma carotenoids than children who did not clear their parasitemia, but these associations were of borderline significance. Stepwise, multivariate logistic regression models were used to examine the relationship between plasma ␣-carotene, lycopene, total carotenoids, and age, and parasite clearance, and only plasma lycopene was significantly associated with parasite clearance in the final model (odds ratio ϭ 1.46, 95% confidence interval ϭ 1.07-2.06, per 0.10 mol/L of lycopene). Spearman correlations of vitamin A, carotenoids, vitamin E, acute-phase proteins, and parasitemia are shown in Table 5 . In general, the individual carotenoids were highly correlated with each other. Vitamin A and the carotenoids had significant negative correlations with plasma AGP concentrations. 
DISCUSSION
This study suggests that plasma vitamin A, carotenoids, and vitamin E concentrations are depressed in children who present with acute, uncomplicated malaria. The extent to which anorexia, acute infection, or accelerated utilization of nutrients contribute to low plasma concentrations is unclear. Vitamin A is a negative acute-phase reactant, and a high correlation was found between plasma vitamin A and plasma AGP and CRP concentrations at baseline. Plasma carotenoids are not generally considered to be influenced by the acute phase response, but a significant correlation was found between plasma carotenoids and AGP but not CRP. These two acute-phase proteins increase and decrease differently in plasma in relation to infection or inflammation. CRP generally increases quickly during an infection and decreases more rapidly relative to AGP, which increases slowly and stays elevated longer in relationship to an infection. 15 In general, plasma concentrations of ␣-carotene, ␤-cryptoxanthin, lycopene, and vitamin E in children with malaria in Uganda appeared to be higher than values described for children with malaria in India, 16 and this may reflect local differences in dietary intake. Low plasma concentrations of lipid-soluble micronutrients among Indian children with malaria were attributed to reductions in carrier molecules, such as retinol-binding protein and cholesterol, during the acutephase response. 16 Plasma concentrations of lutein/zeaxanthin and lycopene in children with malaria in Uganda were similar to these serum carotenoids described in a reference population of children in Belize. 17 In contrast to other populations, 17 plasma ␣-carotene concentrations were higher than ␤-carotene concentrations, and similar observations have been made in infants and adults in Uganda (Semba RD, unpublished data). It is not known which dietary sources of carotenoids in Uganda explain this striking difference.
Higher plasma concentrations of ␣-carotene and lycopene at enrollment were significantly associated with clearance of malaria parasitemia by day 3. Stepwise multivariate analysis showed that the plasma lycopene concentration alone was associated with parasite clearance. Lycopene is found primarily in tomatoes, and it is considered the most effective quencher of singlet oxygen in plasma. 18 Whether lycopene status is causally related to clearance of malaria parasitemia is unclear. Studies show that consumption of tomato juice, a rich source of lycopene, enhances production of interleukin-2 (IL-2) and IL-4 by T lymphocytes in humans. 19 A recent study suggests that consumption of tomatoes, a rich source of lycopene, is associated with lower risk of mortality among children in the Sudan. 20 There was no significant relationship found between age or anthropometric indices and parasite clearance.
Low concentrations of vitamin E in plasma were not associated with parasite clearance, which is not consistent with the hypothesis that low vitamin E status is protective against malaria, as suggested by animal models. 9 In China, lower serum ␣-tocopherol concentrations were reported in patients with acute malaria compared with healthy controls; however, after adjusting for simultaneous changes in serum cholesterol concentrations, there were no significant differences between cases with malaria and controls. 21 In a study from India, children with both severe and mild malaria had significantly lower plasma ␣-tocopherol concentrations than control children without malaria, but after adjustment for plasma cholesterol concentrations, there were no significant differences between groups. 16 Host nutritional status has generally been considered to be unrelated to the morbidity and mortality of malaria, 22 but new studies are challenging this belief. Community-based trials show that periodic high dose vitamin A supplementation 4 and oral zinc supplementation 23 reduce the morbidity due to P. falciparum malaria in Papua New Guinea. It is not known whether improved carotenoid status, either through dietary intervention or supplementation, will improve clinical outcomes of acute malaria. Severe malarial anemia has been associated with high oxygen-radical production in African children, 24 and it is unclear whether antioxidant effects of micronutrients could help to modulate anemia. The present study is limited in that indicators of oxidative stress, such as plasma thiobarbituric acid-reactive material or plasma malondialdehyde, were not measured. Further studies are needed to gain further insight into possible nutritional interventions on the level of the community or the clinic that might improve resistance to malaria.
